The Atlantic±Mediterranean area has recently been proposed as a new phylogeographical area on the basis of concordance of genetic dierentiation patterns observed in several marine species. However, additional taxa need to be studied to establish the phylogeographical relationship between the Atlantic and Mediterranean. Eleven samples of the cuttle®sh Sepia ocinalis around the Iberian Peninsula, one from the Canary Islands, and another from Fiumicino (Italy) were screened for 33 allozyme loci. Genetic variability was low in all samples (H e between 0.022 and 0.076). Intersample genetic dierentiation was high (F ST 0.220), mainly because of genetic variation in the non-Iberian samples. One locus (PEPD*), diagnostic between the Italian sample and all others, suggests the possible existence of hitherto unrecognized species or subspecies of Sepia in the Mediterranean Sea. The 11 Iberian samples exhibited moderate genetic dierentiation (F ST 0.100), which could be explained on the basis of genetic dierentiation between Atlantic and Mediterranean samples. Signi®cant clines in allele frequencies were observed for ®ve out of six polymorphic loci. These results support a model of secondary intergradation (i.e. secondary contact of populations that were previously dierentiated in isolation) similar to that previously proposed for other marine species from the Atlantic±Mediterranean area.
Introduction
Studies on several dierent marine ®shes and molluscs (see Sanjuan et al., 1996a, 1997 and references therein; RoldaÂ n et al., 1998) have revealed geographically concordant intersample genetic dierentiation between Atlantic and Mediterranean samples. A hypothesis has been proposed to explain these patterns, wherein Mediterranean populations were isolated from Atlantic populations during ice-ages (Pliocene and Quaternary), with subsequent genetic divergence, post ice-age secondary contact, and present-day gene¯ow between populations restricted by the Straits of Gibraltar or the AlmerõÂ a-Oran oceanographic front. Nevertheless, additional studies using taxa with dierent biological characteristics are needed to clarify and con®rm the importance of this region as a new phylogeographical area.
Sepia ocinalis (Linnaeus 1758; Cephalopoda: Sepiidae) is an important ®shery resource for European and North African countries (annual captures are around 70 000 metric tonnes; FAO, 1994) . It is distributed along the NE Atlantic continental margin, from the Baltic Sea to Senegal, and throughout the Mediterranean Sea (Guerra, 1992) . This cephalopod ®xes its eggs to the seā oor, a larval phase is lacking, and the adults have limited migratory capacity, so its dispersive ability is presumed to be restricted (Guerra, 1992) .
Allozyme polymorphisms have proved to be eective for estimating population divergence and identifying discrete ®sh and cephalopod stocks (Carvalho & Hauser, 1994 and references therein). The one previous allozyme-based study on Sepia ocinalis (Sanjuan et al., 1996b) found no signi®cant genetic dierences between samples on either side of a subsurface oceanographic front o the NW Iberian Peninsula. The aim of the present study was to analyse the genetic structure, using allozyme markers, of S. ocinalis populations from the Atlantic and Mediterranean Sea for geographical patterns of genetic variation.
Materials and methods

Sampling
Thirteen samples of Sepia ocinalis were collected from commercial catches in NE Atlantic and Mediterranean ®shing ports between March 1993 and November 1997 (Table 1 and Fig. 1 ). Eleven samples were caught from waters around the Iberian Peninsula, six from Atlantic waters (RoBo, Dono, GalN, GalW, FFoz and SBar), and ®ve from the Mediterranean Sea (CVel, RMar, CPla, VGel and Rosa); one sample was taken o the Canary Islands (ICan); and another o Fiumicino (Fium), Italy. The specimens were obtained on the date of capture and were immediately frozen in dry ice and stored at A72°C until required.
Electrophoresis
Samples of mantle muscle were prepared for electrophoresis using methods previously described for Sepia species (PeÂ rez-Losada et al., 1996) . Standard horizontal starch gel electrophoresis was carried out (Murphy et al., 1996) . Twenty-eight enzymes, yielding 33 putative enzyme coding loci, displayed adequate activity and resolution for consistent interpretation and routine examination. Detailed electrophoretic conditions and histochemical staining recipes for most of the enzymes are described in PeÂ rez-Losada et al. (1996) . For ALPDH, G6PDH and GAPDH the electrode buer was Tris-Citrate pH 8.0 (gel buer dilution 1:9), and histochemical staining recipes were as in Murphy et al. (1996) .
Data analysis
Genotype frequencies at polymorphic loci were tested for agreement with Hardy±Weinberg equilibrium expectations by chi-squared tests, and the probability of the null hypothesis was estimated using Monte Carlo simulation. The genetic structure of samples was analysed by means of F-statistics (Nei, 1987) . The signi®-cance of F ST was calculated by a chi-squared test of homogeneity of allele frequencies and the probability of the null hypothesis was estimated using Monte Carlo simulation. Mean expected heterozygosity per locus (unbiased estimate), observed heterozygosity, mean number of alleles and proportion of polymorphic loci (Nei, 1987) were calculated for each sample. Nei's (1978) (D N ) and Cavalli- Sforza & Edwards's (1967) arc (D arc ) genetic distances among samples were computed. These values were then used to construct Sforza & Edwards's (1967) arc genetic distances and geographical distances was calculated and its probability was estimated by means of a Mantel test based on 1000 permutations. Allele frequencies of the most polymorphic loci were plotted against geographical distances among samples, and the signi®cance of allozyme variation patterns was tested by correlation coecients between the arcsine-squared-root-transformed allele frequencies and geographical distances. The sequential Bonferroni technique (Rice, 1989) was used to adjust signi®cance levels for multiple simultaneous comparisons.
BIOSYS BIOSYS-1 (Swoord & Selander, 1981) and Zaykin & Pudovkin (1993) computer programs were used to perform most of the genetic analyses. The Mantel test was carried out using the NTSYS NTSYS-PC PC computer program (Rohlf, 1994) .
Results
Genetic variability
Seventeen enzyme loci were monomorphic in all samples; allele frequencies at the 16 polymorphic loci are shown in Table 2 . Eight loci showed one or two rare alleles (allele frequency <0.05), and seven loci exhibited a moderate variability with two or three alleles per locus (AAT-1*, ESTD*, IDDH*, IDHP*, MEP*, OPDH-1* and PGDH*).
The PEPD* locus was diagnostic between the Fium sample (N 24) and all 12 other Sepia samples (N 328). In addition, at locus AAT-1* the Italian sample had an AAT-1*100 allele frequency of only 0.396, whereas in the other 12 samples this allele was nearly ®xed. The IDDH* locus showed a ®xed allele (IDDH*85) in the ICan sample, whereas this allele varied from 0.100 (VGel and Rosa) to 0.667 (RoBo) in the other 12 samples.
The F-values between loci and samples showed great variability, although no signi®cant deviations from Hardy±Weinberg expectations were found. The estimates of genetic variability for all 13 S. ocinalis samples (Table 2) were low for all indices (H e ranged between 0.022 and 0.076) and the H e over all samples was 0.057 0.022. Mediterranean samples exhibited the highest values for the variability indices, although H e was not signi®cantly dierent between Mediterranean and Atlantic samples [Student's t 11 0.710, 0.40 < P < 0.50; Nei (1987) ].
Population structure
The mean F ST value over all 13 samples was 0.220. This high value of genetic dierentiation was mainly caused by allele frequencies in Fium for PEPD* and AAT-1*, and ICan for IDDH* (see Table 2 ). When both samples were excluded from the analysis, the mean F ST over all 11 Iberian samples was halved (F ST 0.100, Table 3 ). All the most polymorphic loci (P 95 ) except AAT-1*, plus ALPDH* and OPDH-2*, exhibited signi®cant heterogeneity in allele frequencies among Iberian samples (Table 3) .
Genetic distances of Nei (1978) (Fig. 2b ), these intermediate samples were split into western and southern clusters, except RMar, which was joined to the western group. When the neighbourjoining method was applied to both distance matrices, trees with the same topology as those presented in Fig. 2 were obtained. Genetic distances were signi®cantly correlated with geographical distances between samples (r 0.721, P < 0.001; Fig. 3 ), but genetic distances were greater than expected for the 12 Fium comparisons.
Separation of the 11 Iberian samples into Atlantic and Mediterranean regional groups is further supported by consideration of variation over all loci. In the Atlantic Region (AR) were grouped RoBo, Dono, GalN, GalW and FFoz; and in the Mediterranean Region (MR) were included SBar, CVel, RMar, CPla, VGel and Rosa (Table 3) . SBar was considered as a Mediterranean sample on the basis of its geographical proximity to the Mediterranean Sea and because it is genetically more similar to Mediterranean samples (Fig. 2b) . The mean genetic dierentiation (F ST , Table 3) decreased from 0.100 over all Iberian collections to 0.063 for AR, and to 0.061 for MR, the decrease being specially important for some of the polymorphic loci such as ESTD* and MEP*. (AAT-2*, AK*, ARK*, DDH*, EST*, FBALD*, G6PDH*, GAPDH*, GLUDH*, GPI-1*, GPI-2*, LAP*, MDH-2*, PGM*, PK-1*, PK-2* and SOD*) were monomorphic in all samples.
Clearly signi®cant geographical allozyme variation appeared for three loci (after the application of the Bonferroni test) with a moderate genetic variability: IDDH*, MEP* and OPDH-1* (Fig. 4) . In the case of MEP*, RMar behaved as an outlier for MEP*75, showing an allele frequency of 0.094. Slight but signi®cant allozyme variation was also observed at two loci with low levels of genetic variability: ESTD* and OPDH-2*. A V-shaped pattern of variation was found at the IDHP* locus which showed signi®cant clines on both sides of the Straits of Gibraltar, but not around the Iberian Peninsula as a whole.
Discussion
The study of 33 enzyme loci in 13 samples of S. ocinalis showed that this species has low levels of allozyme variability; the mean H e (0.057 0.022) falls below the average for invertebrates and molluscs (0.122 and 0.145, respectively; Ward et al., 1992) , and also for et al., 1983) , but within the range for cephalopods (see Brierley et al., 1996; Sanjuan et al., 1996b; and references therein) .
Despite the observed low genetic variability, extensive intersample variation (F ST 0.220) was observed over all the samples studied. This genetic dierentiation Table 1 . N, the most northern Iberian samples; W, north-western and western Iberian samples; S and E, southern and eastern Iberian samples, respectively. could result from the allozyme dierences between the non-Iberian samples (Fium and ICan) and the Iberian samples, and the genetic dierences between the samples considered as Atlantic (AR) and Mediterranean (MR). The Tyrrhenian sample (Fium) was clearly separated from the other samples in the UPGMA UPGMA trees (Fig. 2) . The genetic dierentiation of this sample can be attributed mainly to the diagnostic locus PEPD* (F ST 1.000) and, to a lesser degree, to the locus AAT-1* (F ST 0.565). These results suggest that the individuals from Fium are genetically distinct (no gene¯ow between these and the other samples), and may even comprise a separate and hitherto unrecognized subspecies or species of Sepia. Both Nesis (1987) and Khromov (pers. comm.) have suggested that, based on morphological data, the notion of a subspecies of S. ocinalis in the Mediterranean Sea (S. ocinalis mediterranea Nini 1884) is valid. Nevertheless, the unbiased genetic identity (I; Nei, 1978) between Fium and the other 12 samples (0.954± 0.946) is of the order generally considered to be indicative of conspeci®c populations (Thorpe, 1983) . A more extensive study combining molecular (allozyme and DNA) markers with morphological characters, and more samples between Rosa and Fium will be needed to clarify this hypothesis.
The Canary Islands sample (ICan) is also distinctly divergent from the other samples in the UPGMA UPGMA tree (Fig. 2) , mainly because of genetic variation at the loci IDDH*, MEP* and OPDH-1*. This sample is most closely related genetically (D N 0.008; D arc 0.106) to the SBar sample, which is also the geographically most proximal (» 1000 km). Thus, isolation by distance could Fig. 4 Allele frequency variation at polymorphic loci ESTD*, IDDH*, IDHP*, MEP*, OPDH-1* and OPDH-2* for 11 Iberian samples of Sepia ocinalis against geographical distance. RoBo is at 0 km and Rosa is at 31 km (´100). All loci, except IDHP*, displayed signi®cant geographical allozyme variation around the Iberian Peninsula.
be responsible for the genetic divergence of this sample from the Iberian samples.
The Iberian samples showed moderate intersample dierences overall (F ST 0.100; Table 3), although genetic distances for all pairwise comparisons were low (D N < 0.03; Table 4 ). Genetic dierences are signi®cantly correlated with increasing geographical separation along the coastline between the Atlantic and Mediterranean (Fig. 3) . These results are supported by the clustering of samples (Fig. 2) , which match rather well their geographical distribution. The UPGMA UPGMA tree based on D arc (Fig. 2b) suggests a separation of the samples from the Atlantic Region (AR) from those of the Mediterranean Region (MR). In the same way, the genetic dierentiation between Atlantic and Mediterranean samples is also evident in the hierarchical analysis of F-statistics (Table 3) , which indicates greater genetic heterogeneity between than within regions. Similarly, the estimate of number of eective migrants (Nm, where Nm [1/F ST ± 1]/4) over all 11 Iberian samples (Nm 2.3) re¯ects a moderate amount of gene¯ow, and was lower than Nm for each region separately (Nm 3.7 for AR; Nm 3.9 for MR). Samples from the MR possessed nine alleles exclusive to this area, whereas only three alleles were exclusive to AR. This dierence in number of exclusive alleles may be an indication of a real barrier to gene¯ow outwards from the Mediterranean Sea, and suggests that alleles originating in Mediterranean populations are prevented from spreading to Atlantic populations, whereas those arising in Atlantic populations are spreading into the Mediterranean Sea. This asymmetrical gene¯ow could be maintained by the unidirectional marine surface circulation southwards along the coast of the Iberian Peninsula and into the Mediterranean Sea across the Straits of Gibraltar (RodrõÂ guez, 1982) .
This study also showed that geographical allozyme variation around the Iberian Peninsula is a major feature of allozyme intersample variability in S. ocinalis (Fig. 4) . Such variation in allele frequencies may be the result of secondary contact of cuttle®sh populations that were isolated in the past and became dierentiated in allopatry (i.e. secondary intergradation; Endler, 1977; Avise, 1994) . In this sense, the main change for allele frequencies roughly coincides with the area of transition from the Atlantic to the Mediterranean, the Straits of Gibraltar and the AlboraÂ n Sea, suggesting the position of the barrier that produced such isolation in the past. This transition area is also suggested by the dierent clustering of the three southern Iberian samples (SBar, CVel and RMar) in the UPGMA UPGMA trees (Fig. 2) , indicating a genetic character intermediate between the geographically distant Atlantic (RoBo±FFoz) and Mediterranean (Cpla±Rosa) samples. This is compatible with what is known of the historical hydrography of this area: intermittent physical barriers, precluding colonization and migration, existed as recently as one million years ago (Maldonado, 1985 and references therein); recent lowering of sea level by 100±200 m during Quaternary glaciations resulted in the partial or total closure of the Straits (Bianco, 1990) . One polymorphic locus (IDHP*), however, displayed a V-shaped pattern over the Iberian Peninsula (Fig. 4) . The coincidence of the V midpoint at this locus with the transition area described earlier, gives further support to the same geographical separation hypothesis. However, V-shaped patterns cannot arise from the contact of two genetically dierentiated populations, and clines implied in these patterns must have originated independently in each sea basin.
The results presented for S. ocinalis in this paper support the importance of the Atlantic±Mediterranean area in phylogeographical structuring within marine species (Sanjuan et al., 1996a) , as has been similarly suggested for the Gulf of Mexico/Atlantic coasts of North America and the Indian Ocean/Malayan Provinces (Avise, 1994; Palumbi, 1994) .
